This study constitutes the first report of the gametogenic cycle of the scleractinian corals Solenastrea bournoni and Stephanocoenia intersepta. Tissue samples were collected near Ft. Lauderdale, Florida, USA between July 2008 and November 2009 and processed for histological examination in an effort to determine reproductive mode and potential spawning times. Both S. bournoni and S. intersepta are gonochoric, broadcast spawning species. Gametogenesis of S. bournoni began in April or May while S. intersepta had a much longer oogenic cycle that began in December with spermatogenesis beginning in July. Though spawning was not observed in situ, spawning was inferred from the decrease of late stage gametes in histological samples. In addition, histological observations of oocyte resorption and released spermatozoa were used to corroborate spawning times. Data indicate that S. bournoni spawns in September while S. intersepta spawns after the full moon in late August or early September.
Introduction
Reproduction of scleractinian corals is one of the most important processes influencing their continued existence [1] . Sexual reproduction is the first step in establishing new colonies necessary for repopulating degraded reefs. It creates genetic variability essential for adapting to changing environmental conditions. Information on the reproductive biology and ecology of corals is critical for understanding their distribution, evolutionary mechanisms [2, 3] , and for management and restoration of damaged areas [4] .
For broadcast spawning species, synchronous maturation and release of gametes is essential for successful fertilization [5] . Coral gametogenesis and spawning are thought to be driven by a number of environmental cues including sea temperature, day length, moonlight tidal cycles, and daylight cycles [6, 7] , but the exact association remains unknown [1, 7, 8] . For a number of species, temperature defines the season and month of spawning and timing tends to correlate strongly with lunar phase [5] . Sunset time can define the hour of spawning [6, 9, 10] and tidal fluctuations may decrease water movement and lead to increased fertilization opportunities [11] . It is very likely that coral gametogenesis and spawning are not prompted by a single environmental cue, but rely on more than one environmental signal [12] .
In the last few decades, there have been numerous studies on scleractinian coral reproduction [4, 7, [13] [14] [15] [16] . About 60% of the approximate 60 known Caribbean species have been investigated [3] . Species of particular interest in southeast Florida include Solenastrea bournoni and Stephanocoenia intersepta because of their local abundance. Stephanocoenia intersepta and Solenastrea bournoni are common species found offshore in all three counties (Miami-Dade, Broward, and Palm Beach) and on all reef types (nearshore ridge complex, Inner reef, Middle reef, and Outer reef) within the southeast Florida region [17, 18] . These species are not as common in the rest of the Caribbean where S. intersepta generally comprises less than 5% of the coral population in areas such as the US Virgin Islands, Venezuela, Turks and Caicos, Mexico, Belize, and Bahamas and S. bournoni is even less abundant [19] . There is no information in the published literature on reproductive mode or spawning time of S. bournoni. Stephanocoenia intersepta has been reported to be a gonochoric species that has been observed broadcast spawning in Bonaire 3-7 nights after the August full moon [16] and in the Gulf of Mexico from 6 to 11 nights after the August or September full moon between the hours of 19:30 and 20:00 [9, 20] . Females of this species have been observed releasing a high percentage of fertilized eggs [20, 21] and it has been proposed that eggs are fertilized in the tentacles just prior to release [21] . Cycles of oogenesis and spermatogenesis have not been previously described for these two species. The purpose of this study was to document the gametogenic cycle of S. bournoni and S. intersepta and to determine their spawning times in southeast Florida. in size were removed using a hammer and chisel or a 2.5 cm steel core. All samples were taken from the middle of the colony to avoid less fecund edges [22] [23] [24] . Only colonies that had a diameter of over 10 cm were sampled to ensure sexual maturity [14, [24] [25] [26] and each colony was sampled only once. Epoxy was placed on the exposed skeleton where tissue was removed to minimize potential settlement of algae and boring organisms. Collection methods caused minimal damage to S. bournoni colonies since tissue completely regrew over the sample area within 6 months. However, S. intersepta had much slower regeneration rates and showed minimal regrowth over the sampled areas during the study period. Collected samples were fixed immediately in 10% aqueous zinc-buffered formalin (Z-fix) for 24 hours. Tissue samples were decalcified using a buffered 10% hydrochloric acid solution, dehydrated using a series of ethanol and xylene, infiltrated with paraffin, and embedded in paraffin blocks.
Materials and Methods

Collection and Histological
Serial sections of 5 μm were cut with a microtome at three depths of the tissue and placed on slides. The first serial sections were taken at a location just below the actinopharynx, and subsequent sections were taken approximately 0.15-0.3 mm and 0.45-0.6 mm below the actinopharynx. Two replicate slides were made at each of the three depths, yielding 6 slides for each sample. Three of these slides, one at each depth, were stained with Heidenhain's azocarmine aniline blue to highlight reproductive structures. The rest were stained with Harris' hematoxylin and eosine (H&E) in order to confirm the presence of released spermatozoa in which the nuclei stain dark purple. All staining characteristics described are with Heidenhain's azocarmine aniline blue unless otherwise noted.
Quantification of Gametes and Fecundity.
Gamete developmental stages were determined from the slide that contained the most gametes which was usually the deepest slide. Criteria determining gamete developmental stage (Table 1) were modified from Szmant-Froelich et al. [27] . Using the slide with the most gametes, the percentage per colony of each gamete stage was calculated per sampling date using the total number of gametes in 7-10 polyps per colony. Resorption and released spermatozoa percentages per sampling date were calculated based on the number of mesenteries of 7-10 polyps per colony that contained resorbed oocytes or spermatozoa released from spermaries. Polyp fecundity was calculated for every female colony sampled during the month prior to spawning. Fecundity was calculated by multiplying the mean number of mature (stage IV) oocytes in cross sections of ten polyps per colony and the mean number of mature oocytes in longitudinal sections of 10 mesenteries, yielding mean stage IV oocytes per polyp. For description of developmental stages, mean oocyte diameters were measured from multiple colonies over several sampling dates when abundance was highest. Mean abundance of stage IV oocytes per colony was calculated and compared to environmental factors including moon phase and temperature. Chi-squared tests were used to determine sex ratio significance.
Environmental Data.
Temperature loggers were deployed at 10 meters depth where most coral samples were collected. Regression analyses were preformed to examine the relationship between oocyte abundance and temperature. Stage IV oocyte abundance was plotted with moon phase to determine if spawning times could be linked to lunar cycles.
Results
Solenastrea bournoni.
Solenastrea bournoni is a gonochoric species with a 1 : 1 sex ratio (χ 2 = 0.157, df = 1, P = 0.692). A total of 112 females and 118 males were sampled, and seven colonies did not have gametes and could not be determined to be male or female. Stage IV oocytes developed by mid-June, peaked in August, and continued to comprise a high percentage of total oocytes through the end of sampling in late November ( Figure 1 ). Mean diameter of stage IV oocytes was 225.59 ± 10.18 μm and ranged from 153 to 341 μm (n = 30). Stage IV oocytes were characterized by their large size and dark vitelline membrane (Figure 2(d) ). Depending on the section, the nucleus had usually migrated to one side, and the vitelline membrane sometimes had a scalloped appearance (Figure 2 (e)). Stage IV oocytes also had an increased amount of lipid vacuoles that stained orange, pink, magenta, and light purple.
Resorption of oocytes was observed throughout most of the year in 2009 although in small percentages. In early resorption (Figure 2 (f)), the vitelline membrane broke apart, and lipid vacuoles were clumped together. Lipid vacuoles slowly dispersed into the gastrodermis and degraded. Resorption after February was seen in less than 1% of all mesenteries examined. In July, there was a low occurrence of resorption (4.46% of mesenteries in all colonies sampled that month), and in early October one colony showed resorption of oocytes in 20% of its mesenteries. Higher levels of resorption were observed through the end of sampling in late November.
Spermatogenesis began rapidly in May with all stages appearing in the same two-week period ( Figure 3 Low percentages of released spermatozoa were observed in the gastrodermis during many of the sampling dates (Figures 4(d) and 4(e) ). Small spikes in percentage of released spermatozoa occurred in mid-August and October 2008 followed by the highest percentage observed in November. In 2009, released spermatozoa were seen in variable percentages between colonies starting in January. Percentage of released spermatozoa decreased greatly in May, but they were still observed in small percentages until July. Then percentages increased at the end of September, continuing through November to near 100%. In stains of hematoxylin and eosine (H&E), the heads of the spermatozoa stained dark purple shortly after being released (Figure 4 ). Months later, residual spermatozoa did not stain purple, indicating they had degraded and were no longer viable. In 2009, peaks in oocyte abundance in July, September, and August occurred after peaks in temperature. To test this correlation, a simple linear regression was performed plotting all stages of oocyte abundance against temperature ( Figure 7 ). A significant relationship was found between oocyte abundance and temperature (R 2 = 0.67, P < 0.001), so the same analysis was performed for all stages of spermary abundance (Figure 8 ). A significant relationship was also found between spermary abundance and temperature (R 2 = 0.65, P < 0.001). with observed oocyte resorption and increases of released spermatozoa in October, indicates the main spawning event likely occurred after the full moon of September.
Stephanocoenia intersepta.
No cases of hermaphroditism were observed in 181 colonies sampled over 15 months. Sixty-five colonies were found to contain no gametes. No sex could be assigned to 31 of these 65 colonies because 11 had no gametes during the reproduction period and 20 were sampled during the winter nonreproduction period. The remaining 34, sampled from January to June, were assumed to be males that had not yet developed gametes since spermatogenesis was not observed until July. 
Gametogenesis.
Oocytes were observed in samples of S. intersepta from December through October while spermatocytes were present from late July through October. Resorption of oocytes was present for 2 to 3 months in September to early November. Released spermatozoa were present in September and October, but by mid-November, no gametes or remnant gametes were seen. Stage I oocytes were first observed in mid-December in a longitudinal section of one colony but were not seen in any cross sections which were used to quantify gamete stages. Stage I oocytes peaked in percentage in January and were observed through August 2009 in low percentages ( Figure 9 ). Stage I oocytes randomly chosen during January through August had a mean diameter of 15.81 ± 0.84 μm and ranged from 9.9 to 28.86 μm (n = 30 oocytes). These oocytes were found in the gastrodermis adjacent to mesoglea or in the mesoglea (Figure 10(a) ). They had large nuclei in relation to the amount of cytoplasm, and the nuclei stained pink with a magenta nucleolus. If cytoplasm was seen, it was light pink or grey in color.
Stage I oocytes developed into stage II oocytes as early as December but were seen only in a longitudinal section of one colony. The highest percentage of Stage II oocytes was observed in April ( Figure 9 ). Stage II oocytes randomly chosen from all dates observed had a mean diameter of 47.81 ± 2.09 μm, and they ranged in size from 31.33 to 63.71 μm (n = 30). Nuclei stained grey or light pink, and cytoplasm stained grey. Stage II oocytes were larger with the amount of cytoplasm greater than the nucleus, and they resided in the mesoglea (Figure 10(b) ).
Stage III oocytes developed in April, and highest percentages were present in late June (Figure 9 ). The mean diameter of Stage III oocytes was 140.62 ± 5.69 μm and ranged from 79.86 to 206.3 μm (n = 32). Cytoplasm stained light pink, and oocytes usually had a centrally located nucleus (Figure 10(c) ).
Stage IV oocytes first developed in mid-July, peaked in percentage in August, and declined after September (Figure 9 ). Stage IV oocytes randomly chosen from July through September had a mean diameter of 318.84 ± 13.78 μm and ranged from 184 to 435.2 μm (n = 30). The lipid vacuoles in the cytoplasm were more defined than they were in stage III and stained pink (Figure 10(d) ). The vitelline membrane stained blue to purple and appeared scalloped in late stage IV oocytes (Figure 10(d) ).
In 2008, resorption of S. intersepta oocytes occurred from early September through late October with no signs of resorption in November. In 2009, oocyte resorption was seen in low percentages in late July through early September, but in mid-September, oocyte resorption was at 100% in all mesenteries.
Stage I spermaries formed in late July, and the highest percentage was seen in August ( Figure 11 ). Stage I spermaries were characterized by a small cluster of less than 10 loosely packed cells that stained light pink and were found in the mesoglea (Figure 12(a) ). Stage II spermaries were observed in late July to early August with the highest percentages occurring in September 2008 and late August 2009 (Figure 11) . Stage II spermaries stained light pink and consisted of more than 10 loosely packed cells (Figure 12(b) ). Stage III spermaries were first observed in late July to early August, and peak percentages occurred in August (Figure 11 ). Stage III spermaries were larger with more compact, darker staining cells and had a centrally located lumen (Figure 12(c) ). Stage IV spermaries were first observed in August, and the highest percentages occurred in early August 2008 and early September 2009 (Figure 11 ). Spermatocytes of stage IV spermaries stained dark magenta with pink staining tails (Figure 12(d) ).
Released spermatozoa appeared in late September 2008 and were at their highest percentage in late October (Figure 11) . In 2009, spermatozoa were observed outside of the mesoglea in early September, and in mid-September (Figures 12(e) and 12(f)) they were observed in almost at 60% of all mesenteries counted. 
Lunar Periodicity.
Stephanocoenia intersepta mean abundance of stage IV oocytes per colony on each sampling date was plotted with lunar phase (Figure 13 ). In 2008, there was a decrease in abundance between 26 August and 6 September which occurred after the full moon of 16 August. A decrease in stage IV oocytes occurred after 9 September 2009 following the full moon on 4 September.
Temperature.
Oogenesis began during a time of cooler water temperatures in December. Abundance of all spermary stages was plotted against temperature, and a linear regression analysis indicated a very low correlation that was not significant (R 2 = 0.09, P = 0.17). However maximum abundance of late stage gametes occurred during the warmest time of the year. IV oocytes between colonies collected on 26 August and 6 September 2008, supporting the idea that S. intersepta spawned at least 10 days after the August 2008 full moon. In 2009, the greatest decrease in abundance of stage IV oocytes occurred between 9 September and 17 September. Unfortunately, only one female colony was sampled on 17 September which was the last sampling date. This colony showed oocyte resorption in 100% of all mesenteries examined. The four male colonies sampled on this date released spermatozoa in a mean of 60% of examined mesenteries, indicating a spawning event likely occurred before this date. These data indicate that S. intersepta spawned between 9 and 17 September 2009, following the full moon of 4 September.
Predicted Spawning
Discussion
Gametogenic cycles of S. bournoni and S. intersepta differed greatly even though they likely spawned during similar times of the year. Most Caribbean broadcast spawning coral species studied to date begin gametogenesis a few months after spawning [24] . Stephanocoenia intersepta followed this pattern while S. bournoni did not. Gametogenesis of S. bournoni is similar to the Caribbean gonochoric broadcast spawning species Oculina varicosa which starts gametogenesis in early summer (S. bournoni starts in spring) and spawns in late summer and fall [8] as S. bournoni does. No reports of other Caribbean broadcast spawning species that begin gametogenesis in spring were found, indicating that this is an unusual occurrence. Gametogenesis was more rapid in S. bournoni than in S. intersepta. Oogenesis in S. bournoni took less than 3 months (from early April to late June) to produce fully developed oocytes, but oocytes continued to develop for three more months through mid-October. The oogenic cycle of S. intersepta began in December, and oocytes slowly matured over 9 months. Spermaries developed rapidly for both species. No spermaries were seen in S. bournoni in early May. However, all stages were observed only 12 days later.
Stephanocoenia intersepta spermaries took only one month to mature after spermatogenesis began in mid-to late July.
Temperature has been thought to play a potential role in inducing gametogenesis [28] , and many Caribbean broadcast spawning species release their gametes during the highest annual water temperatures [20, 24] . Gametogenesis in S. bournoni was significantly correlated with temperature, and increases and decreases of S. bournoni oocyte abundance followed the temperature regime. These data suggest that the trend of warming or the change in temperature may trigger S. bournoni to begin gametogenesis. Stephanocoenia intersepta gametogenesis did not show a relationship with increasing temperature indicating that there may be other exogenous factors such as moonlight [26] or day length that cue gamete production. However, similar to other Caribbean corals, maximum mature gamete abundance coincided with the warmest time of the year suggesting that temperature may play a role in gamete maturation [29] .
Both species are gonochoric, but three colonies of S. bournoni were found to contain individual cosexual polyps that functioned predominantly as male but contained one mature oocyte per polyp. This sexual system is called andromonoecious when male and cosexual polyps are found on the same colony [30] . When male, female, and cosexual polyps are found on separate colonies, this sexual system is called polygamodioecious, and species that have this pattern may be sequential cosexuals with overlap of alternating cycles of male and female function leading to cosexual polyps [30] . However, because such a small proportion of the colonies sampled (3 out of 237 colonies) exhibited this pattern, a small number of polyps (one or two) in the tissue sample displayed this pattern, and only one oocyte occurred in each of the four observed cosexual polyps; it is unlikely that this species is sequential cosexual. Thus, S. bournoni can be described as stable gonochoric since it is not unusual to find a low amount of hermaphroditism among gonochoric species [28] .
Solenastrea bournoni female fecundity was greater than S. intersepta in terms of the number of oocytes per polyp. The number of stage IV oocytes varied between species likely due to differences in oocyte and polyp morphology [31] . The polyps of S. bournoni were larger than S. intersepta, creating space for a greater number of oocytes. Diameter of S. intersepta stage IV oocytes was larger than S. bournoni possibly due to a longer period of oogenesis. Fecundity of S. bournoni varied between years as has been reported in other species [23] and may be a result of the small number of female colonies sampled prior to spawning. Fecundity of S. intersepta was not as variable between years.
The most widely accepted cue for coral spawning is lunar phase [7, 13, 32] , and corals have blue-sensitive photoreceptors that have the ability to detect moonlight [33] . Although spawning was not observed directly, histological evidence indicated that S. bournoni is a broadcast spawner. No planulae were observed in any of the sampled colonies, and varying stages of gamete development followed by a sharp decrease in the abundance of mature gametes indicated spawning activity [24, 34, 35] . Based on results of this study, S. bournoni appears to spawn after the full moon of September. Although the main spawning event is thought to occur in September, it is possible that this species may also spawn in August or October due to the presence of mature gametes during these months and the decreases in abundance of mature oocytes. There was a smaller secondary decrease in abundance of mature oocytes after the full moon of October, but small samples sizes before and after the full moon limited interpretation of the data. It is not unusual for a coral species to spawn over more than one lunar period [14-16, 20, 36] especially if gametogenesis is asynchronous [8] . With its short gametogenic cycle and extended periods with mature gametes, it may be possible for S. bournoni to spawn over multiple months. Since gametogenesis is closely tied to temperature in this species, spawning may occur sooner or over multiple months in areas closer to the equator. However, we do not have data to confirm these suggestions.
It is likely that S. intersepta spawned 5-10 days after the full moon in August or September depending on how early the full moon occurred. Histological evidence suggested that spawning by S. intersepta occurred at least 10 days after the 16 spawns between 3 to 7 nights after the August full moon [16] . At the Flower Garden Banks in the Gulf of Mexico, a region with a difference of only 157 km in latitude from sample sites in southeast Florida, S. intersepta spawns 7 to 9 days after the August or September full moon according to Vize et al.
[9] and 6 to 10 days after the August full moon as reported by Hagman et al. [20] . Thus, the results of the current study agree with other published records of spawning times from the Caribbean and Gulf of Mexico.
Resorption of oocytes and released spermatozoa may help to confirm spawning times. Resorption of oocytes is not fully understood, but it is thought that by breaking down the large amount of lipid vesicles in oocytes, energy can be absorbed back into the coral [7] . Since oocytes are energetically costly, it would be beneficial to use any excess energy from oocytes that were not released during spawning. Assuming that resorption of oocytes and residual spermatozoa occurs after a spawning event, presence of resorbed gametes may provide additional evidence of when a spawning event occurred. Resorption in S. bournoni began in mid-November 2008, indicating that spawning occurred prior to this date. Increased percentages of released spermatozoa in October indicate that spawning may have occurred in September. Resorption and release of spermatozoa in 2009 occurred through much of the year in S. bournoni. Oocytes were broken down over a long period of time, and residual spermatozoa that were not viable, as indicated by a lack of purple staining with H&E, persisted for a very long time. High amounts of resorption occurred in November 2009, and high percentages of released spermatozoa were observed in mid-September, again supporting the idea that S. bournoni spawned in September. In most coral reproduction studies, samples are not taken year round, and no other examples of this long-term breakdown of gametes were found in the literature. Oocyte resorption over long periods suggests that S. bournoni may not immediately require the energy gained from oocyte resorption. Given S. bournoni's delayed onset of gametogenesis until spring, perhaps this extra energy is not needed until production of gametes commences. A slow breakdown may provide energy over a long period of time during winter months when metabolism rates may be slower with cooler temperatures.
Resorption of S. intersepta oocytes began in August and occurred in high percentages in September 2008. This observation, coupled with the appearance of a high percentage of released spermatozoa beginning at the end of September, suggests that a spawning event happened before this time and supports the idea of spawning after the August 2008 full moon. All residual oocytes and spermatocytes were gone by early November. In 2009, oocyte resorption was seen in low amounts (less than 2%) from July through early September, but on 17 September, the one female colony sampled showed resorption in 100% of mesenteries. Low percentages of released spermatozoa were observed in September until the 17th when released spermatozoa were at 60%. This evidence supports that spawning of S. intersepta occurred between 9 and 17 September 2009. After spawning, S. intersepta quickly broke down leftover gametes. Stephanocoenia intersepta may need this energy to support gametogenesis which began in December. The role of resorption in coral energetics and its timing relative to gametogenesis needs further study.
In summary, this study provides the first description of the gametogenic cycles of S. bournoni and S. intersepta. Spawning of S. bournoni is thought to occur in southeast Florida between 5 to 14 days after the full moon of September with a possible secondary spawning event occurring after the full moon of October. Stephanocoenia intersepta is thought to spawn 2 to 12 days after the late August or early September full moon which is consistent with reports from the Gulf of Mexico and Caribbean. More intense sampling during these potential spawning windows is needed to more precisely pinpoint the exact time of spawning, but this study provides a good foundation for further investigation.
